Multi-wire sawing has emerged as the leading technology in wafer production for a variety of semiconductor materials. This study investigates the process stability and efficiency of conventional semiconductor multi-wire slurry saws in routinely machining translucent, high-density alumina ceramics. The brittle and fine-grained translucent alumina ceramics with extreme hardness and wear resistance represents a major challenge for the process. The alumina ceramic substrates are used for sensor applications, energy storage technology and applications in power electronics. An ideal adaptation of the sawing process parameters to the workpiece properties guarantees the efficiency of the slurry sawing process and the quality of the ceramic wafers. An indicator of the efficiency and cutting ability of the sawing process is the size of the bow of the wire web. The first time was shown that the wire bow can be used for the characterization of the sawing processes for hard and brittle technical ceramics. It was found that a longer workpiece length, a higher number of wafers and stronger abrasive wear lead to an increased size of the bow. The rocking frequency has no measurable influence on the size of the bow. Knowledge of these relations is an extremely valuable tool in the sawing process development for hard and brittle technical ceramics.
Introduction
Multi-wire sawing allows cutting of hard and brittle materials with high throughput at potentially low costs. The alumina ceramic substrates are used for sensor applications, energy storage technology and applications in power electronics. Wire sawing of alumina ceramics or sapphire with fixed abrasive grain (diamond wire sawing) is described in the literature [1, 2] . The sawing technology with loose abrasive grain (slurry sawing) has proven to be beneficial for multi-wire sawing of hard and brittle materials compared to diamond wire sawing because the material removal mechanism is more efficient [3, 4] . Ceramic blocks with extreme hardness and a fine-grained structure can be cut into thin discs (0.15-2 mm). With optimized sawing process parameters, the production of thin ceramic wafers with minimal thickness variations and uniform roughness values can be made reliable. Various authors have investigated the removal mechanism of multi-wire slurry sawing in recent decades [4] [5] [6] [7] [8] . Most of the models that describe the multi-wire sawing process with loose abrasive grain have been developed based on the rolling-indenting model. This model, in which the rolling abrasive grains press into the workpiece surface, causing chipping, was originally developed for the lapping of glasses. It states that only 5-10% of the largest abrasive particles are involved in the removal process [5, 6] . In order to apply the rolling-indenting model to the multi-wire sawing process, the fracture mechanics of the 2 of 12 brittle material, the behavior of the wire and the slurry must account for the whole cutting process. A material removal model for the wire sawing process was developed by Möller et al. [7] . The relevant approaches of the model for this work are presented below. The removal volume V 0 by one particle indentation is calculated as follows:
Parameter α is an indenter-geometry factor and β * a factor that depends on E, H and K IC of the workpiece and 2 dimensionless factors [µm/Nn]. The half-angle of the indenting grain is ρ, H is the hardness of the workpiece, F N the normal force acting upon the abrasive particle and n is an empirical factor. From the chipping volume caused by a single indentation event, the material removal rate v s (thickness of a layer removed per unit of time) along the sawing channel can be calculated as a function of the wire speed using the following formula:
(
The parameter v is the wire speed and m the number of indentation events. The parameter v s0 is described with the following expression: v s0 = π·α 0.5 ·β * 2 4·tanρ·H 0.5 ·A s ·L 0 .
3)
A s is the contact area in the sawing channel for the indentation events and L 0 the distance between the wire and the workpiece. The material removal rate is indirectly proportional to the size of the contact area, the hardness of the workpiece and the distance between wire and workpiece. In this study, the influence of various workpiece geometry and process parameters on the cutting ability is correlated to the material removal rate.
Materials and Methods

Used Ceramic Material
All multi-wire sawing experiments were performed on a high-density, translucent alumina ceramic. The microstructure of the alumina ceramic can be seen in Figure 1 . The alumina ceramic material was brought to the required dimensions for the multi-wire sawing experiments with the band saw BS270F from DRAMET.
In Table 1 the properties of the used alumina ceramic are listed. The mechanical characterization of the alumina ceramic included the measurement of the density by the Archimedes method, the hardness (H) by Vickers indentation tests and the elastic modulus (E), determined with the acoustic impulse excitation. The grain size was analyzed using the linear intercept method (300 grains were measured). The fracture toughness (K IC ) was assessed by the 4-point bending single edge V-notched beam method. The bending strength was determined with the 4-point bending test on bars of the dimensions 3 mm × 4 mm × 50 mm with a distance of 20 mm between the supports and a loading velocity of 0.5 mm/min. In a first feasibility study it could be demonstrated that it is possible to cut the alumina ceramic with extreme hardness and wear resistance in thin discs using the sawing technology with loose abrasive grain ( Figure 2 ).
All multi-wire sawing experiments were performed on a high-density, translucent alumina ceramic. The microstructure of the alumina ceramic can be seen in Figure 1 . The alumina ceramic material was brought to the required dimensions for the multi-wire sawing experiments with the band saw BS270F from DRAMET. In Table 1 the properties of the used alumina ceramic are listed. The mechanical characterization of the alumina ceramic included the measurement of the density by the Archimedes method, the hardness (H) by Vickers indentation tests and the elastic modulus (E), determined with the acoustic impulse excitation. The grain size was analyzed using the linear intercept method (300 grains were measured). The fracture toughness (KIC) was assessed by the 4-point bending single edge V-notched beam method. The bending strength was determined with the 4-point bending test on bars of the dimensions 3 mm × 4 mm × 50 mm with a distance of 20 mm between the supports and a loading velocity of 0.5 mm/min. In a first feasibility study it could be demonstrated that it is possible to cut the alumina ceramic with extreme hardness and wear resistance in thin discs using the sawing technology with loose abrasive grain ( Figure 2 ). 
Multi-Wire Sawing
All experiments were conducted on a multi-wire saw type DS265 from Meyer and Burger (Thun, Switzerland). A schematic drawing of a multi-wire slurry saw from Meyer and Burger (Thun, Switzerland) is shown in Figure 3 . The used type of multi-wire saw consists of two wire guide rollers and a web of wires spanned in between. The horizontal distance of the wire guide rollers is 660 mm (between the axes). The wire tension holds the wire in the wire guide grooves and dampens the vibration of the wire during the sawing process. The distance between the wires in the wire guide grooves defines the thickness of the wafers. The workpiece is glued to a beam, which is attached to the feed table. The rotation of the wire guide rollers accelerates the wire as the feed table presses the workpiece onto the wire web. From the slurry nozzles, a mixture of polyethylene glycol and abrasive particles is applied on the wire field. About 50% by mass of abrasive particles are contained in this mixture. The mixture adheres to the wires, is carried along by the wire speed and is fed into the 
All experiments were conducted on a multi-wire saw type DS265 from Meyer and Burger (Thun, Switzerland). A schematic drawing of a multi-wire slurry saw from Meyer and Burger (Thun, Switzerland) is shown in Figure 3 . The used type of multi-wire saw consists of two wire guide rollers and a web of wires spanned in between. The horizontal distance of the wire guide rollers is 660 mm (between the axes). The wire tension holds the wire in the wire guide grooves and dampens the vibration of the wire during the sawing process. The distance between the wires in the wire guide grooves defines the thickness of the wafers. The workpiece is glued to a beam, which is attached to the feed table. The rotation of the wire guide rollers accelerates the wire as the feed table presses the workpiece onto the wire web. From the slurry nozzles, a mixture of polyethylene glycol and abrasive particles is applied on the wire field. About 50% by mass of abrasive particles are contained in this mixture. The mixture adheres to the wires, is carried along by the wire speed and is fed into the workpiece. The forced movement of the abrasive particles in the sawing channel causes chipping of the material. The sawing channel, which is constantly deepened by the material removal, leads to separate wafers at the end of a sawing process [9] . the material. The sawing channel, which is constantly deepened by the material removal, leads to separate wafers at the end of a sawing process [9] . 
Experimental Procedure
If the wire is in contact with the workpiece and the cutting speed is lower than the feed speed, a bow of the wire web will form under the workpiece (Figure 4 ). The size of the bow is an indicator for the cutting ability under the chosen conditions. The smaller the bow, the better the cutting ability. In this study, the influence of various sawing parameters and workpiece geometries on the size of the bow was tested. Therefore, alumina ceramic blocks with a height of 30 mm and variable width and length were pressed on the wire web for cutting. After a feed length of 25 mm, the process is stopped, and the workpiece is moved out of the wire web. A feed length of 25 mm is needed to guarantee a constant material removal rate with a stable size of the bow. The length of the repositioning movement of the workpiece against the feed direction, until the wire web is smoothed (measuring error: ±50 μm) represents the bow of the wire web. The systematic analysis of the size of the wire bow provides a novel concept for monitoring the multi-wire sawing process of hard and brittle ceramics. For all sawing processes, a standard wire (structured steel wire; coating: copper, zinc; nominal diameter: 115 μm) for multi-wire slurry sawing was used. The thickness of the wire needs to be adapted to the groove width of the wire guide rollers and the size of the abrasive particles used to avoid wire breakage. The periodical curvatures in 2 dimensions increase the effective wire diameter ( Figure 5 ). The periodical curvatures of the wire allow for a larger amount of slurry to be transported into the sawing channel compared to a conventional straight steel wire [11] . This enables sawing at higher feed rates. In the sawing process, the wire bow elongates the structured wire and thus 
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If the wire is in contact with the workpiece and the cutting speed is lower than the feed speed, a bow of the wire web will form under the workpiece (Figure 4 ). The size of the bow is an indicator for the cutting ability under the chosen conditions. The smaller the bow, the better the cutting ability. In this study, the influence of various sawing parameters and workpiece geometries on the size of the bow was tested. Therefore, alumina ceramic blocks with a height of 30 mm and variable width and length were pressed on the wire web for cutting. After a feed length of 25 mm, the process is stopped, and the workpiece is moved out of the wire web. A feed length of 25 mm is needed to guarantee a constant material removal rate with a stable size of the bow. The length of the repositioning movement of the workpiece against the feed direction, until the wire web is smoothed (measuring error: ±50 μm) represents the bow of the wire web. The systematic analysis of the size of the wire bow provides a novel concept for monitoring the multi-wire sawing process of hard and brittle ceramics. For all sawing processes, a standard wire (structured steel wire; coating: copper, zinc; nominal diameter: 115 μm) for multi-wire slurry sawing was used. The thickness of the wire needs to be adapted to the groove width of the wire guide rollers and the size of the abrasive particles used to avoid wire breakage. The periodical curvatures in 2 dimensions increase the effective wire diameter ( Figure 5 ). The periodical curvatures of the wire allow for a larger amount of slurry to be transported into the sawing channel compared to a conventional straight steel wire [11] . This enables sawing at higher feed rates. In the sawing process, the wire bow elongates the structured wire and thus For all sawing processes, a standard wire (structured steel wire; coating: copper, zinc; nominal diameter: 115 µm) for multi-wire slurry sawing was used. The thickness of the wire needs to be adapted to the groove width of the wire guide rollers and the size of the abrasive particles used to avoid wire breakage. The periodical curvatures in 2 dimensions increase the effective wire diameter ( Figure 5 ). The periodical curvatures of the wire allow for a larger amount of slurry to be transported into the sawing channel compared to a conventional straight steel wire [11] . This enables sawing at higher feed rates. In the sawing process, the wire bow elongates the structured wire and thus increases the wire tension locally under the workpiece. The result is a loss of wire tension due to plastic deformation when the wire leaves the workpiece [12] . increases the wire tension locally under the workpiece. The result is a loss of wire tension due to plastic deformation when the wire leaves the workpiece [12] . In this study boron-carbide grains with the size F-400 are used as cutting agent in the loose abrasive slurry. The specification F-400 characterizes a normal distribution of the particle size from 8-32 μm around the d50 value of 22.5 μm. Scanning-electron microscopy (used device: JSM-6610 JEOL, Tokyo, Japan) was used to visualize the shape of the grains. The abrasive particle size and distribution were measured with the LS 13 320 Laser Diffraction Particle Size Analyzer from Beckman Coulter (Brea, CA, USA). All sawing parameters of the standard sawing recipe are listed in Table 2 . Due to the mechanical properties of the used alumina ceramic, the workpiece can only be cut with a table feed rate of 20 μm/min. When multi-wire sawing of silicon, feed rates > 700 μm/min are possible [8] .
In experiment I, the workpiece lengths of 37.5; 75 and 150 mm were sawn, and the size of the bow was measured after each process. In experiment II, the influence of the workpiece width on the size of the bow was investigated (constant workpiece length: 75 mm). The workpiece width determines the number of wafers cut in one process. The bow of the wire web was analyzed when cutting 17, 34 and 51 wafers with a constant pitch of 0.425 mm. This corresponds to a workpiece width of 8; 16 and 32 mm. In experiment III, the sawing process parameter of the rocking frequency was varied to visualize differences in the cutting ability. The frequencies of 0.083; 0.25; 0.38 and 0.5 Hz were implemented into the standard sawing recipe (workpiece length: 75 mm; number of wafers: 17). The surface roughness and thickness of the ceramic wafers cut in experiment I, II and III were characterized by an optical profilometer (FRT MicroProf R).
Results and Discussion
In this chapter the influence of the workpiece length, the number of wafers and the rocking frequency, as well as the wear of the abrasive particles on the size of the bow, is analyzed. In this study boron-carbide grains with the size F-400 are used as cutting agent in the loose abrasive slurry. The specification F-400 characterizes a normal distribution of the particle size from 8-32 µm around the d 50 value of 22.5 µm. Scanning-electron microscopy (used device: JSM-6610 JEOL, Tokyo, Japan) was used to visualize the shape of the grains. The abrasive particle size and distribution were measured with the LS 13 320 Laser Diffraction Particle Size Analyzer from Beckman Coulter (Brea, CA, USA). All sawing parameters of the standard sawing recipe are listed in Table 2 . Due to the mechanical properties of the used alumina ceramic, the workpiece can only be cut with a table feed rate of 20 µm/min. When multi-wire sawing of silicon, feed rates > 700 µm/min are possible [8] .
In experiment I, the workpiece lengths of 37.5; 75 and 150 mm were sawn, and the size of the bow was measured after each process. In experiment II, the influence of the workpiece width on the size of the bow was investigated (constant workpiece length: 75 mm). The workpiece width determines the number of wafers cut in one process. The bow of the wire web was analyzed when cutting 17, 34 and 51 wafers with a constant pitch of 0.425 mm. This corresponds to a workpiece width of 8; 16 and 32 mm. In experiment III, the sawing process parameter of the rocking frequency was varied to visualize differences in the cutting ability. The frequencies of 0.083; 0.25; 0.38 and 0.5 Hz were implemented into the standard sawing recipe (workpiece length: 75 mm; number of wafers: 17). The urface roughness and thickness of the ceramic wafers cut in experiment I, II and III were characterized by an optical profilometer (FRT MicroProf R).
In this chapter the influence of the workpiece length, the number of wafers and the rocking frequency, as well as the wear of the abrasive particles on the size of the bow, is analyzed.
Variation of the Workpiece Length
The variation of the workpiece length shows a strong influence on the size of the bow of the wire web. The doubling of the workpiece length results in a doubling of the bow. A linear relationship between the size of the bow and the workpiece length could be identified. Figure 6 shows an increasing size of the bow by 0.035 (±1 × 10 −3 ) mm per mm workpiece length in the investigated range of 37.5-150 mm workpiece length. This observation is consistent with Equation (3) from the model of Möller et al. [7] , where an increasing contact area A s per wire in the sawing channel is indirectly proportional to the material removal rate. The reduced material removal rate results in an increase in the size of the bow. The contact area of the wire with the workpiece in a sawing channel is calculated by multiplying the workpiece length by the semicircular cutting front around the wire. In experiment I this leads to a contact area per wire of 10.9 mm 2 , 21.8 mm 2 and 43.5 mm 2 for the corresponding workpiece length of 37.5; 75; 150 mm. 
The variation of the workpiece length shows a strong influence on the size of the bow of the wire web. The doubling of the workpiece length results in a doubling of the bow. A linear relationship between the size of the bow and the workpiece length could be identified. Figure 6 shows an increasing size of the bow by 0.035 (±1 × 10 −3 ) mm per mm workpiece length in the investigated range of 37.5-150 mm workpiece length. This observation is consistent with Equation (3) from the model of Möller et al. [7] , where an increasing contact area As per wire in the sawing channel is indirectly proportional to the material removal rate. The reduced material removal rate results in an increase in the size of the bow. The contact area of the wire with the workpiece in a sawing channel is calculated by multiplying the workpiece length by the semicircular cutting front around the wire. In experiment I this leads to a contact area per wire of 10.9 mm 2 , 21.8 mm 2 and 43.5 mm 2 for the corresponding workpiece length of 37.5; 75; 150 mm. In experiment I, an increasing variation of the wafer thickness with the growing workpiece length is observed (Figure 7a ). The thickness variation at a working length of 150 mm is uniformly distributed over the entire block. The roughness measurements do not show this. All are in the range of Ra = 0.2 to 0.3 μm (Figure 7b ). The size of the bow of 5.2 mm at a working length of 150 mm and the increasing thickness variation of the wafers are an indication of the limit of the process stability. In order to minimize the risk of wire rupture during the sawing process, a smaller working length should be chosen when cutting the alumina ceramic under the investigated parameters. In experiment I, an increasing variation of the wafer thickness with the growing workpiece length is observed (Figure 7a ). The thickness variation at a working length of 150 mm is uniformly distributed over the entire block. The roughness measurements do not show this. All are in the range of R a = 0.2 to 0.3 µm (Figure 7b ). The size of the bow of 5.2 mm at a working length of 150 mm and the increasing thickness variation of the wafers are an indication of the limit of the process stability. In order to minimize the risk of wire rupture during the sawing process, a smaller working length should be chosen when cutting the alumina ceramic under the investigated parameters. 
The variation of the workpiece length shows a strong influence on the size of the bow of the wire web. The doubling of the workpiece length results in a doubling of the bow. A linear relationship between the size of the bow and the workpiece length could be identified. Figure 6 shows an increasing size of the bow by 0.035 (±1 × 10 −3 ) mm per mm workpiece length in the investigated range of 37.5-150 mm workpiece length. This observation is consistent with Equation (3) from the model of Möller et al. [7] , where an increasing contact area As per wire in the sawing channel is indirectly proportional to the material removal rate. The reduced material removal rate results in an increase in the size of the bow. The contact area of the wire with the workpiece in a sawing channel is calculated by multiplying the workpiece length by the semicircular cutting front around the wire. In experiment I this leads to a contact area per wire of 10.9 mm 2 , 21.8 mm 2 and 43.5 mm 2 for the corresponding workpiece length of 37.5; 75; 150 mm. In experiment I, an increasing variation of the wafer thickness with the growing workpiece length is observed (Figure 7a ). The thickness variation at a working length of 150 mm is uniformly distributed over the entire block. The roughness measurements do not show this. All are in the range of Ra = 0.2 to 0.3 μm (Figure 7b ). The size of the bow of 5.2 mm at a working length of 150 mm and the increasing thickness variation of the wafers are an indication of the limit of the process stability. In order to minimize the risk of wire rupture during the sawing process, a smaller working length should be chosen when cutting the alumina ceramic under the investigated parameters. 
Variation of the Number of Wafers
In addition to the workpiece length, the influence of the number of wafers (increasing workpiece width) on the size of the bow was analyzed. A tripling of the number of wafers increases the size of the bow by approximately 15%. A linear relationship between the size of the bow and the number of wafers could be observed.
The size of the bow per wafer increases by 0.012 (±0.001) mm/wafer in the range of 17-51 wafers cut in one process (Figure 8) . This is only a moderate loss of cutting ability with an increasing amount of wafer. The total load on the wire during the sawing process increases as the wire web enters the ceramic block over an increased number of sawing channels while the contact area A s Equation (3) per wire in contact with the workpiece remains constant at 21.8 mm 2 . The observed size of the bow changes from 2.7 mm for 17 wafers to 3.1 mm for 51 wafers. As more wafers are cut in a process, the structured wire is elongated more strongly, reducing the effective wire diameter ( Figure 5 ). The number of abrasive grains m Equation (2), transported into a sawing channel decreases as the wire is elongated. Since the parameter m is proportional to the material removal rate, the cutting ability decreases when the number of abrasive grains in the sawing channel decreases. An increase in the size of the bow is the result of an increased number of wafers cut in one process. 
The size of the bow per wafer increases by 0.012 (±0.001) mm/wafer in the range of 17-51 wafers cut in one process (Figure 8) . This is only a moderate loss of cutting ability with an increasing amount of wafer. The total load on the wire during the sawing process increases as the wire web enters the ceramic block over an increased number of sawing channels while the contact area As Equation (3) per wire in contact with the workpiece remains constant at 21.8 mm 2 . The observed size of the bow changes from 2.7 mm for 17 wafers to 3.1 mm for 51 wafers. As more wafers are cut in a process, the structured wire is elongated more strongly, reducing the effective wire diameter ( Figure 5 ). The number of abrasive grains m Equation (2), transported into a sawing channel decreases as the wire is elongated. Since the parameter m is proportional to the material removal rate, the cutting ability decreases when the number of abrasive grains in the sawing channel decreases. An increase in the size of the bow is the result of an increased number of wafers cut in one process. 
Variation of the Rocking Frequency
In the third experiment, the influence of the sawing parameter of the rocking frequency on the size of the bow was investigated. Four sawing processes with the rocking frequencies of 0.083, 0.25, 0.38, 0.5 Hz were performed.
In Figure 10 , the bow values are plotted with increasing rocking frequency. No recognizable linear correlation is visible. Likewise the thickness and roughness measurements in Figure 11a ,b do not show a linear correlation to the rocking frequency. An improvement in the cutting ability of the alumina ceramic through the use of the rocking unit has not been achieved. 
Wear of the Abrasive Particles
Part of the sawing process monitoring includes the grain size analysis of the abrasive particles. All grain size measurements from the experiment I-III are listed in Figure 12a . A negative linear relationship between the boron-carbide grain size and the cut area during multi-wire sawing in the range of 0-0.43 m 2 is found. The heavy wear of the boron-carbide grains is caused by splintering due to the mechanical stresses in the sawing channel. The d50 value after a cut area of 0.43 m 2 has decreased from 22.3 to 18.0 μm. The slope of the linear fit shows a wear rate of the d50 value of −10.2 (±0.5) μm per sawn m 2 . The d50 value is halved after a cut surface of approx. 1.1 m 2 . However, it has to be tested if the observed linear relationship holds also for lower d50 values. The d10 value shifts from 14.9-3.7 μm when 0.43 m 2 are cut (Figure 12b ). An increased fine-grain fraction, as well as the smaller grain size, have a detrimental effect on the cutting ability and lowering the material removal rate during multi-wire sawing [13] . 
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Wear of the Abrasive Particles
Part of the sawing process monitoring includes the grain size analysis of the abrasive particles. All grain size measurements from the experiment I-III are listed in Figure 12a . A negative linear relationship between the boron-carbide grain size and the cut area during multi-wire sawing in the range of 0-0.43 m 2 is found. The heavy wear of the boron-carbide grains is caused by splintering due to the mechanical stresses in the sawing channel. The d 50 value after a cut area of 0.43 m 2 has decreased from 22.3 to 18.0 µm. The slope of the linear fit shows a wear rate of the d 50 value of −10.2 (±0.5) µm per sawn m 2 . The d 50 value is halved after a cut surface of approx. 1.1 m 2 . However, it has to be tested if the observed linear relationship holds also for lower d 50 values. The d 10 value shifts from 14.9-3.7 µm when 0.43 m 2 are cut (Figure 12b ). An increased fine-grain fraction, as well as the smaller grain size, have a detrimental effect on the cutting ability and lowering the material removal rate during multi-wire sawing [13] . In Figure 13 , an increase of the size of the bow of 0.2 (±0.1) mm per μm d50 value of the abrasive particles in the range of 22.3-18.8 μm can be detected. The wear reduces the number of large grains involved in the removal process (Figure 12b ), which lowers the material removal rate. No samples for grain size measurements could be taken after the sawing experiments with a rocking frequency of 0 and 0.38 Hz. Thus the d50 grain sizes of 21.3 and 20.0 μm at a cut area of 0.11 and 0.24 m 2 are extrapolated from the observed linear wear rate of the boron-carbide grains (Figure 12a ). An increase in the variation of the wafer thickness was observed with a decreasing d50 value of the abrasive grain size. The roughness measurements do not show this trend but are in the range of Ra = 0.2 to 0.3 μm (Figure 14a,b) . The heavy wear of the abrasive grains must be taken into account to avoid wire rupture when cutting large blocks. In Figure 13 , an increase of the size of the bow of 0.2 (±0.1) mm per µm d 50 value of the abrasive particles in the range of 22.3-18.8 µm can be detected. The wear reduces the number of large grains involved in the removal process (Figure 12b ), which lowers the material removal rate. No samples for grain size measurements could be taken after the sawing experiments with a rocking frequency of 0 and 0.38 Hz. Thus the d 50 grain sizes of 21.3 and 20.0 µm at a cut area of 0.11 and 0.24 m 2 are extrapolated from the observed linear wear rate of the boron-carbide grains (Figure 12a ). An increase in the variation of the wafer thickness was observed with a decreasing d 50 value of the abrasive grain size. The roughness measurements do not show this trend but are in the range of R a = 0.2 to 0.3 µm (Figure 14a,b) . The heavy wear of the abrasive grains must be taken into account to avoid wire rupture when cutting large blocks. In Figure 13 , an increase of the size of the bow of 0.2 (±0.1) mm per μm d50 value of the abrasive particles in the range of 22.3-18.8 μm can be detected. The wear reduces the number of large grains involved in the removal process (Figure 12b ), which lowers the material removal rate. No samples for grain size measurements could be taken after the sawing experiments with a rocking frequency of 0 and 0.38 Hz. Thus the d50 grain sizes of 21.3 and 20.0 μm at a cut area of 0.11 and 0.24 m 2 are extrapolated from the observed linear wear rate of the boron-carbide grains (Figure 12a ). An increase in the variation of the wafer thickness was observed with a decreasing d50 value of the abrasive grain size. The roughness measurements do not show this trend but are in the range of Ra = 0.2 to 0.3 μm (Figure 14a,b) . The heavy wear of the abrasive grains must be taken into account to avoid wire rupture when cutting large blocks. Due to the mechanical properties of the used translucent alumina ceramic, the workpiece can only be cut with a feed rate of the table of 20 μm/min. The formation of the bow of the wire web leads to a cutting speed of −17 μm/min under the experimental conditions. When multi-wire sawing of silicon, feed rates > 700 μm/min are possible [8] . Under the process conditions investigated in this study, no measurable wire bow would occur when cutting silicon. Figure 15 summarizes the main results of the study on the size of the bow during multi-wire sawing of the used alumina ceramic. The slopes of the linear regressions of the analyzed variations (workpiece length, number of wafers, rocking frequency, wear of the abrasive grain size) with their standard-errors as error bars are displayed in this bar chart. The influence of the workpiece length and the number of wafers on the size of the bow is much greater than the scatter in the experiments. Thus, these parameters have to be accounted for when choosing the cutting parameters. The influence of the rocking frequency on the size of the bow compared to the experiment scatter is small, hence no or only a very small influence is to be expected. Despite the strong scatter of abrasive wear, a clear dependence on the cutting ability was demonstrated. 
Conclusions
(1) As presumed from the model of Möller et al. [7] an increase of the workpiece length has a negative effect on the material removal rate and thus the cutting ability. The range of 37.5-150 mm workpiece length was analyzed. An increase of the size of the bow by 0.03 mm per mm of workpiece length was found. The thickness variation of the wafer material increases with increasing workpiece length. Due to the mechanical properties of the used translucent alumina ceramic, the workpiece can only be cut with a feed rate of the table of 20 µm/min. The formation of the bow of the wire web leads to a cutting speed of −17 µm/min under the experimental conditions. When multi-wire sawing of silicon, feed rates > 700 µm/min are possible [8] . Under the process conditions investigated in this study, no measurable wire bow would occur when cutting silicon. Figure 15 summarizes the main results of the study on the size of the bow during multi-wire sawing of the used alumina ceramic. The slopes of the linear regressions of the analyzed variations (workpiece length, number of wafers, rocking frequency, wear of the abrasive grain size) with their standard-errors as error bars are displayed in this bar chart. The influence of the workpiece length and the number of wafers on the size of the bow is much greater than the scatter in the experiments. Thus, these parameters have to be accounted for when choosing the cutting parameters. The influence of the rocking frequency on the size of the bow compared to the experiment scatter is small, hence no or only a very small influence is to be expected. Despite the strong scatter of abrasive wear, a clear dependence on the cutting ability was demonstrated. Due to the mechanical properties of the used translucent alumina ceramic, the workpiece can only be cut with a feed rate of the table of 20 μm/min. The formation of the bow of the wire web leads to a cutting speed of −17 μm/min under the experimental conditions. When multi-wire sawing of silicon, feed rates > 700 μm/min are possible [8] . Under the process conditions investigated in this study, no measurable wire bow would occur when cutting silicon. Figure 15 summarizes the main results of the study on the size of the bow during multi-wire sawing of the used alumina ceramic. The slopes of the linear regressions of the analyzed variations (workpiece length, number of wafers, rocking frequency, wear of the abrasive grain size) with their standard-errors as error bars are displayed in this bar chart. The influence of the workpiece length and the number of wafers on the size of the bow is much greater than the scatter in the experiments. Thus, these parameters have to be accounted for when choosing the cutting parameters. The influence of the rocking frequency on the size of the bow compared to the experiment scatter is small, hence no or only a very small influence is to be expected. Despite the strong scatter of abrasive wear, a clear dependence on the cutting ability was demonstrated. 
(1) As presumed from the model of Möller et al. [7] an increase of the workpiece length has a negative effect on the material removal rate and thus the cutting ability. The range of 37.5-150 mm workpiece length was analyzed. An increase of the size of the bow by 0.03 mm per mm of workpiece length was found. The thickness variation of the wafer material increases with increasing workpiece length. 
(1) As presumed from the model of Möller et al. [7] an increase of the workpiece length has a negative effect on the material removal rate and thus the cutting ability. The range of 37.5-150 mm workpiece length was analyzed. An increase of the size of the bow by 0.03 mm per mm of workpiece length was found. The thickness variation of the wafer material increases with increasing workpiece length.
(2) Furthermore, the increase in the number of wafers reduces the cutting ability in the sawing process. In the range of 17-51 wafers, an increase of 0.01 mm bow per additional wire was been observed.
The roughness values of the wafers are in the range of 0.20 to 0.25 µm and no thickness variation was found. This study showed that the size of the bow reacts by the factor of three more strongly to an extension of the workpiece length than to an increase in the number of wafers. To keep the size of the bow as small as possible, the block should be positioned in such a way that the working length is not the longest block edge. (3) When using the rocking unit the cutting ability of the Al 2 O 3 ceramics cannot be improved.
Any influence of the rocking frequency on the cutting ability was overlaid by the influence of the heavy wear of the abrasive grains. To see the influence of the rocking unit, a new batch of boron-carbide grains would have to be used for each process. 
